We report on the anisotropic expansion of ultracold bosonic dysprosium gases at temperatures above quantum degeneracy and develop a quantitative theory to describe this behavior. The theory expresses the post-expansion aspect ratio in terms of temperature and microscopic collisional properties by incorporating Hartree-Fock mean-field interactions, hydrodynamic effects, and Boseenhancement factors. Our results extend the utility of expansion imaging by providing accurate thermometry for dipolar thermal Bose gases, reducing error in expansion thermometry from tens of percent to only a few percent. Furthermore, we present a simple method to determine scattering lengths in dipolar gases, including near a Feshbach resonance, through observation of thermal gas expansion.
Expansion imaging of a gas of atoms or molecules after it has been released from a trap provides a simple and highly valuable experimental tool for probing ultracold gases. For example, the technique is routinely used for thermometry by measuring the rate of gas expansion as it falls. The well-established procedure relies on the isotropic expansion of a thermal gas in which the interactions are negligible. Crucially, deviations from this isotropic behavior can provide a signature of the underlying interactions (and other complex phenomena) within the gas. Two notable examples of such deviation, caused by interacting systems confined in anisotropic traps, involve an aspect ratio (AR) inversion in nondipolar Bose-Einstein condensates (BEC) due to meanfield (MF) pressure forces arising from contact interactions [1, 2] and in thermal Bose [3] and degenerate Fermi gases [4] in the collisional-hydrodynamic regime. Both effects alter the time-of-flight (TOF) dynamics and require a theoretical analysis to be understood [5] . The case of dipolar gases is more complicated since the anisotropy of the interaction also contributes to the TOF AR [6] [7] [8] . No theory exists for thermal dipolar Bose gas expansion even though such a theory is crucial for accurate thermometry.
In this Letter, we report on the anisotropic expansion of thermal bosonic 162 Dy and 164 Dy gases [9] and infer the temperature and scattering length from the TOF anisotropy. We find that the dominant physical mechanism responsible for the anisotropy comes from interatomic collisions which partially rethermalize the gas during the TOF. Non-negligible contributions arise also from Hartree-Fock mean-field interactions and Boseenhancement factors. In particular, the resulting theory allows us to characterize the background scattering length and width of the 5.1-G Feshbach resonance in 162 Dy [10] .
Our results pave a way toward investigations of ultracold gases in nontrivial regimes of classical fluid dynamics [11] where atomic collisions give rise to viscosity and turbulence [12] . Anisotropic dipolar interactions lead to a magnetoviscosity which has been studied in the context of classical ferrofluids in archetypal situations involving capillary flow [13] . While quantum ferrofluidity below condensation temperature T c has been explored in Cr BECs [6] , magnetoviscosity of dipolar Bose systems in the intermediate ultracold regime above T c has yet to be explored. Such a regime is particularly relevant within the context of future progress toward connecting classical [12] and quantum [14] regimes of turbulence. It is therefore of fundamental interest that, in contrast to alkali atoms and Cr, this regime is accessible in these ultracold dysprosium gases with unsurpassed magnetic moment µ = 10µ B (Bohr magnetons).
Strongly dipolar lanthanide gases such as Dy and Er have additional complications associated with extremely dense spectra of Feshbach resonances revealed by atom-loss spectroscopy [10, [15] [16] [17] . Such measurements provide the location, B 0 , of individual resonances and have stimulated statistical studies on their distribution [16, 18] . However, atom-loss spectroscopy alone cannot measure the resonance width ∆B [19] , the remaining parameter that is required for quantitative control over the scattering length. To obtain ∆B, scattering lengths near a resonance must be measured. We demonstrate a particularly simple way of doing so by using fits of the thermal-gas AR expansion to our theory; a related technique was demonstrated for dipolar BECs [20] .
We prepare ultracold gases of 162 Dy and 164 Dy following procedures described in Ref. [21] . In short, we perform laser cooling in two magneto-optical-trap stages, followed by forced evaporative cooling in a crossed opti-
. The spatial size along direction i evolves according to σ i (t) = k B T /mω 2 i 1 + ω 2 i t 2 , and in the limit ω i t 1, we have σ i (t) → k B T /mt leading to the isotropic shape in the long-time limit and reflecting the isotropic momentum distribution in the trap. Even in the presence of interactions, the rapidly decreasing density leads to a saturation of the momentum distribution, with p 2 z / p 2 x determining σ z /σ x after a long TOF. We estimate the finite-t correction to σ z /σ x from the non-interacting case; it scales as 1/t 2 , and for our parameters it does not exceed 0.5%. Nevertheless, we take . In both (a) and (b), red is for magnetic field alongẑ and blue is forŷ. Points are data with 1σ total error: statistical plus 1% systematic [26] . Solid red and blue curves are calculated using the full theory with the best-fit scattering lengths. Dashed curves are calculated for only the MF effect with the best-fit scattering lengths found using the full theory. Horizontal solid gray line marks unity AR and vertical gray line marks Tc.
this effect into account.
The strategy for calculating p i MF /2m equals work done by the ith-component of the gradient of the MF interaction averaged over f (r, p, t). This MF part contains the contact term, proportional to the scattering length a, and the dipole-dipole term, proportional to the dipole length a d = µ 0 µ 2 m/8πh 2 [27] , where µ 0 is the vacuum permeability. We find
whereω = (ω x ω y ω z ) 1/3 and the dimensionless constants H, H d , F , and F d are functions of the trap aspect ratios [26] . These letters stand for the Hartree and Fock contributions, respectively. In addition, the dipole parts H d and F d depend on the field orientation [26] . Anisotropies due to the MF terms only are shown as dashed lines in Fig. 1 . While the MF interaction is significant, it is not sufficient to match the level of anisotropy observed in our system. We find that a more important contribution to the AR is the thermalization during the TOF in which the kinetic energy is transferred from p 2 i /2m to p 2 j /2m by twobody collisions. In order to understand this phenomenon, we first point to the kinematic effect which occurs in the non-interacting gas and which can be seen from f (r, p, t): during expansion the thermal motion of particles is transferred to the directed motion characterized by the finite average velocity with components
. Important for us is that in the reference frame where the gas is locally stationary, its momentum distribution is equivalent to that of a thermal gas with anisotropic temperature T /(1 + ω 2 i t 2 ) [26] . Collisions try to establish thermal equilibrium by transferring kinetic energy more frequently, on average, from "hotter" directions (smaller ω i ) to "colder" ones (larger ω i ). We call this effect hydrodynamic (HD), although the collision rate is too low to continuously maintain thermal equilibrium during expansion. The corresponding contribution to ∆ p 2 i is linear in the scattering cross section, i.e., quadratic in a and a d ,
where the dimensionless constants A and B are functions of the trap aspect ratios [26] . The first line in the right hand side of Eq. (2) describes the two-body collisional effects using the differential cross sections obtained in the first-order Born approximation [26, 28] . Previous work on inelastic dipolar collisions has shown the first-order Born approximation to be valid in strongly dipolar systems like dysprosium [29] . The last line in Eq. (2) accounts for the quantum effects on two-body collisions, where the probability of a scattering event is Bose enhanced according to the local phase-space density. This effect should be distinguished from the deviation of the in situ BoseEinstein momentum distribution from the MaxwellBoltzmann one. To first order in the degeneracy parameter, the in situ Bose-Einstein deviation is ∆ p
3 . It does not introduce any anisotropy to the gas AR, but it is important for the accurate determination of the temperature, even in the non-interacting gas. Adding this correction to the ones given by Eqs. (1) and (2) results in the corrected thermometry which infers T = T i from the expansion dynamics along direction i.
Among the four mechanisms labeled by letters H and F in Eq. (1) and A and B in Eq. (2), we find that the Hartree MF interaction (H) and the two-body collision effects (A) are the dominant sources of gas anisotropy: For the 162 Dy data point at 200 nK with field alongẑ in Fig. 1 (a), they contribute 3.0% and 5.6%, respectively, out of the total 9% anisotropy. We have also estimated the effective-range correction to the scattering cross sections by calculating the second-order Born correction to the interaction matrix element at finite collision energy. It is proportional to a
T is the collision momentum. We find that the corresponding contribution to the AR is negligible for our parameters. Observed difference between Tx and Tz, the two dimensions in the imaging plane. The discrepancy is large if only the Bose-corrected TOF thermometry is applied directly (gray points), but can be reduced to close to zero (gray line) using the additional corrections provided in Eqs. (1) and (2) (red points). Theoretical curves in (a) and data in (b) are presented for the experimental parameters used in the 162 Dy measurement of Fig. 1(a) with the magnetic field alongẑ.
The MF interaction and the collisional effects cause the gas to expand faster inẑ but slower inx andŷ for our system's trap parameters. A direct application of the usual Bose-corrected TOF thermometry (neglecting interactions) in this case would yield conflicting apparent temperatures along each dimension. Indeed, this is shown by theoretical curves in Fig. 2(a) . At 200 nK, the discrepancy ∆T = T z − T x between the two dimensions in the imaging plane is about 50 nK, corresponding to 25% of its temperature. A mistaken application of this theory leads to an inaccurate determination of temperature and other temperature-related properties such as gas size, trap density, etc., highlighting the need for the corrections in Eqs. (1) and (2) .
The fact that a gas in thermal equilibrium has a single well-defined temperature allows us to determine the decaheptuplet s-partial-wave scattering length a of 162 Dy and 164 Dy using our theory. With the correct a value, our theory should both minimize ∆T and predict the measured AR at various temperatures. To determine a, we vary a in Eqs. (1) and (2) and find the best-fit scattering length that simultaneously matches the AR data measured at the two different field orientations. In this fitting procedure, we assign the average of T x and T z to be the gas temperature. The details of this analysis are described in [26] . The fitted scattering length is a 162 = 154 (22) [24] . It also agrees with the measurement reported in Ref. [17] using Feshbach spectroscopy. The new best-fit a for 162 Dy is larger than, though not inconsistent with, our previous measurement 122(10)a 0 , and we provide a more detailed discussion of this discrepancy in the supplemental material [26] .
To illustrate that our theory greatly improves the accuracy of thermometry for a thermal dipolar Bose gas, we show in Fig. 2(b) ∆T before and after applying our theory to the 162 Dy measurement. The ∆T measured in Fig. 2(b) increases at lower temperatures and is similar to the theoretical predictions for Bose-corrected TOF thermometry in Fig. 2(a) . Applying our corrections with the best-fit scattering length leads to almost an order of magnitude reduction in ∆T . This allows us to determine the temperature of a thermal dipolar Bose gas with far less uncertainty. The temperatures assigned to the data in Fig. 1 are the average of the corrected T x and T z ; error bars represent the discrepancy.
The dependence of gas AR on the scattering length a provides an experimental probe
, where a bg is the background scattering length, B 0 is the resonance center, and ∆B is the resonance width [19] . We demonstrate the measurement of a near a Feshbach resonance at 5.1 G for 162 Dy, shown in Fig. 3(a) , by analyzing the gas AR in TOF. Our technique is more convenient than crossdimensional relaxation for measuring scattering length because it requires only a single experimental measurement to determine a at a given field. Cross-dimensional relaxation, by contrast, requires multiple measurements to extract a thermalization time as well as extensive numerical simulations when a strong dipolar interaction is present [30] [31] .
To measure the gas AR near the resonance, we prepare 2.7(1)×10
5 atoms at 280 nK in a trap with [ω x , ω y , ω z ] = 2π × [89(1), 44(5), 219(1)] Hz. The magnetic field is first set at 1.580(5) G, which is the value used for evaporative cooling. We then shift the field to the desired value using a 10-ms linear ramp. Throughout this procedure, the field is kept along the axis of tight confinement,ẑ, to achieve the largest anisotropy in AR. After the field ramp, we hold the atoms for 50 ms before releasing for TOF imaging.
The measured gas ARs are shown in Fig. 3(b) . As the field approaches the 5.1-G resonance from the lower side, we observe increasingly larger AR, as is expected for larger a. We use our theory to convert the AR values to scattering length, accounting for variations in atom number. The results are shown in Fig. 3(c) . The AR that follows from Eqs. (1) and (2) about a ≈ −72a 0 . It is within this range wherein the four data points near 5.2 G that have ARs below (but within ∼1.5σ of) the theoretical minimum value presumably lie, and we are unable to determine a scattering length for them [32] . In principle, this blind spot could be shifted to a different region of a by adjusting trap aspect ratios.
The scattering lengths shown in Fig. 3 (c) fit well to the functional form a(B). The fitted resonance width is ∆B = 24(2) mG, and the fitted background scattering length is a bg = 157(4) a 0 . This a bg value is consistent with the best-fit a 162 obtained from analysis of the data shown in Fig. 1(a) , which are taken at a different field and trap frequency with about half the atom number. Note that we do not observe a measurable change in a at the other two small resonances near 4.6 G and 5.6 G.
In conclusion, we observe and develop a theoretical understanding of the anisotropic expansion of thermal dipolar Bose gases of 162 Dy and 164 Dy. The experiment lies in a very favorable regime as far as experiment-theory comparison is concerned; the AR anisotropy is large enough to be measured though small enough for a well-controlled perturbative theory to apply. As a consequence, we are able to apply this theory for TOF thermometry in this novel regime as well as measure the scattering length of the gas near a Feshbach resonance with ease. This simple method for measuring scattering lengths may contribute to the development of a comprehensive theoretical understanding of how collisions are affected within the dense and ultradense Feshbach spectra of these collisionally complex lanthanide atoms [16] [17] [18] 33] . Looking beyond the study of hydrodynamics in magnetic Bose gases, a similar thermometry theory may aid the study of polar molecules near quantum degeneracy.
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SUPPLEMENTAL MATERIAL: ANISOTROPIC EXPANSION OF A THERMAL DIPOLAR BOSE GAS Experimental details
We perform absorption imaging using resonant 421-nm light after 16 ms of time-of-flight (TOF). To image 162 Dy and 164 Dy atoms in their ground state |J = 8, m J = −8 , we drive σ − transitions to ensure maximal signal-to-noise ratio, which requires a quantization field alongŷ because our imaging beam is alongŷ. For aspect ratio (AR) measurements with the magnetic field alongẑ, we keep the field alongẑ for the first 5 ms of TOF and then rotate toŷ for imaging. We experimentally find that after 5 ms the gas is sufficiently dilute that the field orientation no longer affects the subsequent expansion dynamics.
We consider the following sources of systematic uncertainties in the AR measurement. (1) Camera alignment with respect to gravity. The angle between camera'sẑ axis and gravity is 2.8
• , leading to a 0.1% error. (2) Anisotropy of camera pixels. Data are not available for this error. However, assuming that each pixel's AR varies randomly around unity with a standard deviation at the level of nanofabrication error (<10 nm), the anisotropies in the pixel size should average to a negligible amount across our gas size after TOF, which typically consists of about 80 × 80 pixels. (3) We find the largest systematic error to be the residual inhomogeneity (e.g., interference fringes) in the image beam optical intensity pattern. The fringe structures have a typical length scale of ∼10 µm, which is comparable to our gas size, and have a randomly varying spatial orientation. They likely arise from aberrations in various optical elements in the imaging beam path. When we image the same gas at a fixed TOF, but with different part of the imaging beam, the gas AR varies. This is most likely due to the 2D-Gaussian fit being affected by the fringes in the background. This inhomogeneity in the imaging beam introduces a systematic error of 1% to AR measurement, which we determine by measuring the AR of a gas with 1.2 × 10 5 164 Dy atoms at the relatively high temperature of 500 nK and with the field alongŷ to reduce the intrinsic AR anisotropy as much as possible. We repeat the measurement at eight different locations in the imaging beam and take the standard deviation of the eight measurements as this error.
Since our theory with our trap parameters predicts allowable σ z /σ x only in the range ≥1, the values of σ z /σ x < 1 in Fig. 1(b) may be due to an uncontrolled systematic shift at the ∼0.5% level. The imperfect nulling of the T z − T x difference in Fig. 2(b) (red data points) is related to this systematic shift.
Data analysis
We fit the atomic density images to a 2D-Gaussian function to extract the gas width σ x and σ z :
where the linear terms account for the residual gradient in the background and B is the overall offset. The aspect ratio is defined as σ z /σ x . We note that the momentum distribution after the expansion deviates from an exact 2D-Gaussian function under the influence of Boseenhancement, mean-field interaction, and hydrodynamic effects. Nevertheless, we find a 2D-Gaussian fit is sufficiently accurate and robust to extract the second moment of the TOF momentum distribution, allowing for a comparison to the perturbative theory discussed below. Therefore, the gas width after TOF duration t is given by
where σ 0,i = k B T /mω 2 i is the initial trap size along i. We use the following procedure to find the best-fit scattering length a from the AR measurements made at different temperatures. First, we estimate a temperature for each AR measurement by numerically solving T i using the following equation:
where i = x, z. We assign the average of T x and T z to be the gas temperature. Then we calculate a χ 2 using data taken at both field orientations with the newly assigned temperatures and the theoretical AR values for the corresponding field orientation. The scattering length value a that minimizes χ 2 is the best-fit value. To determine the 1σ error of a, we vary a around its best-fit value in both directions until χ 2 increases by 1 [1] . The best-fit a value minimizes the discrepancy between the apparent temperatures |T z − T x |. We use this fact to determine the scattering lengths for the AR data taken near the 5.1-G Feshbach resonance. For each AR measurement, we numerically find the scattering length a that yields the same T x and T z . We note that a has two solutions; one must choose the most appropriate solution for each field value. At fields below the resonance center, which is defined as the field with minimum atom number in the high-resolution atom-loss spectrum, we choose the large positive solution as opposed to the large negative solution. From these data points, we estimate the resonance width ∆B, which guides us in choosing the appropriate solution for points immediately above the resonance center according to a(B) = a bg [1 − ∆B/(B − B 0 )]. We then fit all a values to this functional form and extract the final fitted ∆B.
Scattering length values
The best-fit scattering length results from this work are a 162 = 154 (22) [24] . (Note that no value for a 162 yet exists from Feshbach data. Also note the erratum, Ref. [2] below, for Ref. [24] .)
We summarize the new and old results in Fig. 4 . The new result is shown as the red data point. In our previous cross-dimensional relaxation work, we obtained five independent measurements of scattering lengths for 162 Dy by measuring the rethermalization time at three different field orientations [24] . Then we reported the weighted average scattering length [3] . The newly measured a 162 is more consistent with measurements 1 and 2 from the previous work, where the field is alongẑ. The weighted average scattering length valueā, including all measurements, isā 162 /a d = 0.65(5) for 162 Dy andā 164 /a d = 0.47(4) for 164 Dy, corresponding toā 162 = 126(10)a 0 and a 164 = 92(8)a 0 ;ā 162 (ā 164 ) is 4a 0 larger than (same as) the value reported in Ref. [24] , and with the same errors.
Using the newly measured scattering lengths, we calculate the Knudsen parameter η for trap parameters used for taking the data in Fig. 1 . The Knudsen parameter is defined as the ratio of the mean-free-path λ i to the trap size l i , η = λi li , where λ i = (
, n 0 is the peak density, σ tot is the total collision cross section, and i = x, y, z [3] . For magnetic atoms, σ tot includes both the s-wave collision and the elastic dipolar scattering cross section [27] : perature well above degeneracy, we have the specific solution
which corresponds exactly to the Maxwell-Boltzmann initial condition at t = 0 with chemical potential µ and temperature T . (The subscript MBE refers to MaxwellBoltzmann expansion.) By integrating over momentum, Eq. (10) leads to the density distribution expanding as a Gaussian with time dependent standard deviations along each axis σ i (t) = k B T /mω 2 i 1 + ω 2 i t 2 . With regard to the more intuitive physical description we present in the main text, we point out that this expansion in Eq. (10) can be thought of as describing a wind which, at a specific location r and time t, blows with velocity components
where i = x, y, z, and the angular brackets denote the momentum-averaged value as a function of position, defined for instance by
Now it is straightforward to calculate the widths (secondmoments) of the momentum distribution, with this wind in Eq. (11) subtracted off, i.e., in the local rest frame of the gas. This yields
thereby establishing the formal equivalence (within this local reference frame) to a hypothetical scenario in which a gas has anisotropic temperatureT i = T /(1 + ω 2 i t 2 ), as discussed in the main text.
The Maxwell-Boltzmann solution of Eq. (10) remains useful in a situation where the temperature is approaching degeneracy due to the fact that the Bose-Einstein distribution can be expanded as a series of Maxwell distributions with decreasing temperatures, i.e.,
where the subscript BEE refers to Bose-Einstein expansion. The chemical potential µ in Eqs. (10) and (14) is fixed by normalizing the phase-space distribution in the manner mentioned beneath Eq. (8).
Mean-field interactions: To include interactions, we first begin with the mean-field forces. During expansion both Hartree and Fock mean-field potentials contribute to pressure in the gas and their expressions are given by
where wave-number and momenta are related by p =hk. The two-body interaction potential V int (r) is given by
where a is the s-wave scattering length and a d is the dipole length, theˆdenotes a unit vector andˆ points along the direction of dipole alignment. The Fourier transform of the two-body interaction potential is required in the Fock contribution, Eq. (16), and is given byṼ
The force arising from such momentum-dependent meanfield potentials as those in Eqs. (15) is in general given by
which, after setting U = U H + U F , is then inserted into the kinetic equation given in Eq. (7). Collisions: We now consider effects that arise from two-body collisions in the gas which, under the standard assumptions of molecular chaos, can be calculated via the inclusion of the collision integral on the right hand side of Eq. (7). This is given by
where f = f (r, p), f 1 = f (r, p 1 ), f = f (r, p ), and f 1 = f (r, p 1 ) introduce the four momenta (two incoming and two outgoing) associated with a two-body collision, and v r = |p − p 1 |/m is the relative velocity. It is already assumed in Eq. (20) that these momenta are related by the conservation of energy and momenta, i.e., p + p 1 = p + p 1 and p 2 + p 2 1 = (p ) 2 + (p 1 ) 2 , and thus the integration over these additional momenta has been reduced to an integration over just p 1 (the incoming momentum) andΩ (the solid angle through which the relative momentum is rotated during the collision). It is important to note that our expression for the collision integral includes effects due to Bose-enhancement which become increasingly relevant with higher phasespace density (lower temperatures). The differential scattering cross section dσ dΩ is crucially a function of both incoming and outgoing relative velocities, and in the case of identical bosons scattering at low energy via the interaction potential given in Eq. (17) , this can be calculated the integrand with an absolute value. We found that even this upper bound contributes negligible difference compared to Eq. (27) 
Here we used the notationp = (sin θ cos φ, sin θ sin φ, cos θ), and d 2p = π 0 sin θdθ 2π 0 dφ.
